SUMMARY-Several types of tissues (lung, kidney, bone marrow, and skin) from 2 subhuman primate species, the rhesus macaque and the African green monkey, were used to initiate primary cultures and propagated in vitro to determine the feasibility of the establishment of "longterm" diploid cell lines.. Most skin lines can be propagated for over 40 subculture generations (passages) and maintain a chromosome constitution like that of the primary cultures. Instead of reliance on a single cell source such as the WI·38 line, more diploid cell lines from human and subhuman primate sources should be made available for biomedical research and for pUblic health work.
FEW LONG-TERM cell lines were available during the 1950's when investigators began using cultured cells as material for biomedical research. The mouse L strain and the human carcinoma HeLa line became standard materials.
THE PROBLEM
However, it soon became apparent that these cell lines with highly abnormal chromosome constitutions were undesirable for some studies. Therefore, attempts were made to develop long-term diploid cell lines ..
One well-known report on the development of human diploid cell Jines is that of Hayflick and Moorhead (1) . These investigators found that human cells in culture could maintain a predominantly diploid condition for 40-50 subculture generations (passages), but their growth potential ultimately subsided, and the lines terminated. Hayflick and Moorhead considered this phenomenon to be senescence, interpreted as a programmed potential to proliferate for only a limited number of cell generations. For practical purposes, this senescence phenomenon, even if real, is not a handicap to investigators, because an astronomical number of cells can be propagated from early passages and be preserved frozen.
Nevertheless, several questions arose: I) Is this really a senescence phenomenon? 2) Is this limited to human cells? 3) Is it possible to propagate long-term diploid cell lines without reaching senescence? These questions become important on both theoretical and practical grounds. Perhaps the "cell-senescence" phenomenon in vitro can give us a clue to senescence mechanisms in vivo. Perhaps the failure of continuous growth in vitro is not a senescence phenomenon.
If not, what is the cause? Wouldn't it be convenient to have diploid cell lines with unlimited growth potential as standard material? Thus diploid cell lines become a practical as well as an interesting biomedical problem.
Why Diploid Cell Lines?
Most biologists are aware of the fact that neoplastic cells usually contain highly abnormal chromosome constitutions. If a cell line, originally established from a non-neoplastic tissue, changes its chromosome constitution during in vitro cultivation, it then becomes suspect that the cell line might have turned neoplastic, a highly undesirable property especially in public health work, e.g., the use of cultured cells as host material for human virus-vaccine production. Even for basic science research, diploid cell lines capable of being handled as easily as HeLa cells should be preferred. The need for diploid cell lines, especially of parenchymal origin, persists even in cancer research. Without normal diploid cells, there is no base-line information for understanding abnormal and diseased cells.
What Is Diploidy?
Diploidy is defined as any organism or cell with 2 complete sets of chromosomes ascribed to the species, usually derived from the fertilization of 1 haploid set from the female and another from the male gamete. The number and morphology of the haploid (n) set determine the number and morphology of the diploid (2n) complement. Except for the sex chromosomes, the diploid complement should be represented by 2 chromosome sets exactly alike. The genes in these 2 sets of chromosomes are, of course, not necessarily homozygous.
More recent cytologic data have added some complications to this simple definition. First, there are instances in mammals in which the diploid complement of I sex (usually male) does not have an even number; i.e., some mammalian species exhibit a 2n+l or 2n-l constitution for the male (2) . These are the results of X-autosome or V-autosome translocations, respectively. Since these anomalous situations are "normal" for the particular species, the odd numbers should be considered simple derivations and, therefore, still diploid.
Second, many investigators, after accumulating extensive karyologic data on various mammalian species, discovered an ever-increasing number of instances of karyotypic variations from apparently normal individuals. With regard to chromosome morphology, the 2 sets of haploid chromosomes are not necessarily exact duplicates. These variations may be due to various causes, including reciprocal translocations, pericentric inversions, and Robertsonian fusions. In translocations and inversions, the chromosome morphology may change but the diploid number remains the same. In Robertsonian fusions, even the number changes. Should they be considered normal diploid? Since these aberrations or variants do not involve a significant amount of gain or loss of genetic material, they are still diploid in an abstract sense Suppose an individual possesses a "marker chromosome" which is morphologically different from its homologue. Which morphologic form should be considered "normal"? Probably everyone would consider the prevailing form as "normal" and the marker, aberrant. But suppose the marker form is the only form existing in an isolated population. In that hypothetical population, the "aberrant" form becomes "normal" and the "normal" form becomes "aberrant." When we view the chromosome constitution at the population level, we can easily visualize that chromosome composition is a dynamic entity, and the "diploid karyotype" of any species is a transitory assignment.
The third type of chromosome variation is in the amount of constitutive heterochromatin (3, 4) . This may severely distort the morphologic parameters of certain chromosomes. However, the correlation between heterochromatin and repetitive DNA sequences (5) offers some comfort to geneticists, since repetitive DNA sequences conceivably do not contain genetic information.
In view of the extensive chromosome variability occurring in natural populations, we propose this seemingly drastic, but probably justifiable, concept: Diploidy in the strictest sense is a hypothetical state, referring to functional genes only. This concept should also change our definition of diploid cell lines.
What Is a Diploid Cell Line?
Many [eng-term cell lines change, sometimes dramatically, their chromosome constitutions. A cell line is unquestionably "abnormal" when it becomes aneuploid, as in HeLa, L, and others. However, shall we regard a cell line with several sets of Robertsonian fusions as "abnormal"?
Let us use some examples found in nature. The diploid number of the house mouse, Mus musculus, is 40, all acrocentric chromosomes with constitutive heterochromatin at each centromere. Gropp et al. (6) first described the chromosome constitution of a related species, M. poschiaoinus, found in a particular valley of the Swiss Alps. The diploid number of this species is 26. Actually, there have been 7 different sets of Robertsonian translocations from the karyotype of M. musculus to M. poschiavinus. Therefore, M. poschiaoinus has 7 pairs of metacentric chromosomes. The 2 species can hybridize to produce fertile offspring with 33 chromosomes; the progeny of later generations may have a varying number of metacentrics, and hence a varying diploid number. Gropp and Winking (7) later found that the chromosomes of many isolated populations of M. musculus in the Swiss~lps may vary from population to population, accordmg to the number of metacentrics. Shall we consider these mice abnormal? Since most Robertsonian changes may involve only the loss of a small amount of constitutive heterochromatin which is genetically inert, we have no reason to suspect significant genetic changes in these aberrant individuals even though they have drastic deviations in diploid number and karyotype.
If we initiate a cell culture from a tissue of a laboratory mouse (2n=40 acrocentrics) and find that, in a certain passage, the cells show a chromosome number of 26 with 14 metacentrics achieved via Robertsonian fusions, are we justified to call this line diploid? The situation may be no different from that in M. poschiavinus; i.e., other than heterochromatin, no loss or gain of genetic information is involved. Therefore, the cells may still be considered diploid.
A similar case can be found in the European field vole, Microtus agrestis. This species has large sex chromosomes-the long arm of the X and the entire Y are heterochromatic. Cooper et al. (8) found that the heterochromatic arms of the sex chromosomes are easily deleted in cell cultures with no loss of growth potential, but the chromosome complement differs appreciably from that of the cells in situ. Again, shall we call these cells nondiploid? Again, probably not, because the deleted segments contain primarily repetitive DNA sequences (9), and hence are of no important genetic consequence.
When we deal with cell populations to be used as host material for human virus-vaccine production, do we take a chance using cell cultures containing Robertsonian fusions developed during in vitro cultivation? If all tissue 'cells invariably change chromosome constitution within a short lifespan in vitro, then we have no choice. But this apparently is not the case. There are may reports that "long-term" cell lines can be maintained in vitro with karyologic characteristics unchanged from primary culture. Thus there is no reason to take risks with cell lines with detectable chromosome alterations, even innocuous ones. A chromosome change should be considered a gross mutation. If a cell line shows gross mutations, conceivably numerous imperceptible mutations also have occurred.
Krooth (10) proposed the terms "homoploid" and "heteroploid" cell lines to describe cell populations in culture containing 1 predominating karyotype stemline and several karyotype sternlines, respectively. As we interpret them, these terms do not imply that the original cell source (tissue in situ) contained the same characteristics. A human cell line derived from a person with 46 chromosomes may acquire an extra chromosome #21 during the history of its in vitro cultivation. Even though, at a certain passage, all cells showed 47 chromosomes, it should be considered different from a cell line derived from a patient with Down's syndrome. The cell line from a patient with Down's syndrome shows the same chromosome constitution as that of the original donor, and is thus true to the source. We propose an additional term, origoploid, to describe cell populations which not only are homogeneous in karyotypic constitution (homoploid) but also have the same karyotype as that of the source.
The foregoing discussion m~kes it obvi?us that the goal of diploid cellline~is n<;JtJust the maintenance of diploidy, but also of origoploidy. Th.e study to be d~ scribed here shows that, at least m nonhuman primates long-term cultures exhibiting an origoploid as well as a homoploid condition can be achieved. Such cell lines should be developed, monitored, and certified for many fields of biomedical research as early as practicable.
THE EXPERIMENT Introduction
We attempted to determine the feasibility of establishing "long-term di~loid" cell liI?'e~.from nonhuman primate tissues. 2) Virologic.-Primary cell cultures have been used extensively as host material for investigations. on animal viruses and as substrates for human Virusvaccine production (11). In subhuman primates, cell cultures are often derived from kidneys, because the organs are relatively large and provide many homogeneous monolayer cultures of epithel.ioid cells from one animal. However, the use of primary monkey kidney cultures has disadvantages (12-14): a) The cultures cannot be sufficiently characterized or standardized because the individual animals are conceivably different in their genetic background, and b) latent microbial contaminants dangerous to man and possible oncogenic viruses may be harbored in the animals. It is desirable, therefore, to use long-term cell lines which have had rigorous safety and standardization tests for virologic work as well as other uses.
3) Practical.-Currently, the WI-38 diploid human cell line has been chosen for many experiments and for vaccine production because it has been well characterized (15). However, reliance on one cell line for all basic biomedical investigations and public health work is undesirable. Safe substitutes always should be available, especially for virologic work, since one cell line is not always a good host for all viruses. Diploid subhuman primate material, with the potential of hosting a large variety of viruses, should be developed.
4) Humanistic.-Although kidneys provide many primary cultures for experimentation, it is cruel to kill a monkey just for its kidneys. Excessive killing has already seriously endangered. some. prima~e species. Sooner or later the supply ofhve ammals WIll be depleted (13). If long-term diploid subhuman primate cell cultures can be established, they would not only provide uniform material for research but would also save animal lives.
Materials and Methods
We used 2 monkey species, the African green monkey (Cercopithecus aethiops) and the rhesus macaque (Macaca mulatta). Juvenile animals were housed at the Primate Quarantine Unit, Laboratory Aids Branch, the National Institutes of Health, Bethesda, Maryland. Eight animals (4ef1, 4 o) of each species were used. Sterile tissue biopsies from kidney, bone marrow, lung, and ear were then taken, immediately placed in sterile growth medium [double concentration of vitamins and glutamine of Eagle's minimum essential medium formula with nonessential amino acids and 10% fetal calf serum (FCS) added], and shipped to the M. D. Anderson Hospital and Tumor Institute. Replicate cultures were initiated from minced tissues in McCoy's 5a medium supplemented with 20% FCS. Routinely, one of the replicate primary cultures was harvested for karyologic analyses, and the other for subcultivation. The feeding and subcultivation schedules depended on the rate of cell growth, but generally the medium was changed every 2 days and the cultures were subcultured every 4 days. The cells were subcultured by the cell monolayer being dislodged with trypsin solution (0.02%, crystallized 3 times; Worthington Biochemical Corp., Freehold, N.J.) and the contents of each flask being distributed into 2 or 3 flasks. Sample cultures of each cell line were harvested for analysis, generally every 5 passages. Cultures were treated with 0.06 J.lg Colcemid/ml for 2 hours before harvest, and all preparations were made by the acetic-orcein squash technique.
Results

Karyotypes
The diploid number of the African green monkey is 60 (16) and that of the rhesus macaque, 42 (17). Since chromosome deviants occur in situ (16), we analyzed the chromosome constitution and constructed karyotypes for each primary culture of each animal to serve as base-line information. Most animals in this study had normal, euploid cells. The karyotypes constructed from photomicrographs showed n.o difference within or between tissues of the same ammal. However, 5 of the 16 animals had atypical chromosomes in each tissue examined. Three of the variants (in 1 rhesus and 2 African green) involved the chromosome pair normally showing prominent secondary constrictions. Another variant (in 1 African green) was a small metacentric autosome which.~ad a subtelocentric as its homologue. The remammg variant was in a male rhesus monkey with a tiny Y chromosome. In each of these instances, every cell in the primary culture from each tissue~ad the particular variant chromosome; these atypical chromosomes therefore represented the in situ condition.
Primary cultures
The overwhelming majority of cells in prima~y cultures derived from bone marrow, lung, and skin were in the diploid range, with polyploid cells comprising less than 3% of the metaphases. Primary kidney cultures of most animals showed higher proportions of polyploid cells, often approaching or exceeding 10% of the cell populations. Each primary culture had only a small proportion of cells with aneuploid chromosome constitutions, regardless of the tissue source, seldom exceeding 5% of the cells in the diploid range. Similarly, the incidence of cells with aberrations in primary cultures was low, equal to or less than 5% in most cultures. While some cultures displayed higher aberration levels, these never exceeded 10%.
For cells in primary culture, the frequencies of aberrations, including gaps, breaks, or more complex rearrangements, were again low (generally not more than 3%). Most aberrations consisted of chromatid and isochromatid gaps and breaks; more serious abnormalities occurred infrequently. Even in instances of relatively high aberration levels, the aberrations were still predominantly gaps and breaks, not the more serious abnormalities.
Long·term cultivation
We attempted to subcultivate each primary culture until no further growth was attained. When growth over a 3-week period was insufficient to permit subcultivation, and morphologically the cells had become large, flattened, widely separated, and granular, the cell line was regarded as senescent and was discarded. Whether this phenomenon should always be regarded as "senescence" is debatable (I8), but this term was used for convenience as the equivalent of "cessation of growth" without a cause being ascribed.
After various number of passages, all cell lines eventually failed to proliferate. The bone marrow and lung were poor tissue sources for long-term cultivation, since most cells from the bone marrow and lung did not propagate beyond 5 passages. Cell lines derived from the kidney often could be carried through more subcultivations, but seldom would they survive beyond 20 passages, which is the arbitrary criterion for successful establishment of long-term lines (19); thus kidney cultures were also poor sources. Alternatively, most skin (ear) cultures satisfied this definition: Ten of 15 cultures were propagated beyond 20 passages, of which 3 survived beyond 40 passages and I grew well for 70 passages. We, therefore, concentrated on obtaining cytologic data from skin cultures.
Chromosome composition of long·term cell lines
During prolonged in vitro growth, the frequency of polyploid cells remained low in skin cell lines, seldom exceeding 5%. Moreover, polyploidy did not greatly increase immediately preceding senescence in any skin line. The frequency of aneuploid cells also remained low, usually well under 5%. Occasionally, it increased in some cultures, but apparently only temporarily, for, by the next harvest, the initial low levels again were obtained. Of 10 skin lines, 9 showed no lasting increase in the frequency of aneuploidy, even when entering senescence. However, in I line (African green monkey j736), aneuploidy dramatically increased between passages 35 and 40. This line, like all others, eventually entered a senescence phase from which it did not recover, even though by that time it was almost completely aneuploid. By way of contrast, only 2 long-term lines were derived from the kidney, and both abruptly became aneuploid before senescence: one near passage 30 which survived to passage 50 and the other near passage 40 which grew for only a few additional passages.
In most long-term skin lines from both monkey species, cells with aberrations were present only in low frequencies, at levels comparable to those observed in primary cultures. Occasional higher levels were observed, but these were transient and led neither to persistent chromosome damage nor to persistent increase in aneuploidy. Each type of chromosome abnormality was an independent event; because of the nearly 60 karyotypes analyzed in each sample, the abnormality usually appeared only once. These aberrations probably did not perpetuate for many passages.
DISCUSSION
Our cell culture facilities, though adequate for general culture work, are not highly sophisticated with strict quality-control and infection-control systems. Furthermore, the laboratory is overcrowded with research personnel, and each year hundreds of primary cultures are initiated from tissues of various wild mammals. Sometimes tissues come from overseas and show visible fungal growth, but, to save the precious materials for karyologic analysis, we do our best to salvage these tissues. Thus microbial contamination, especially that of mycoplasma, occurs frequently in our long-term cultures. In laboratories with excellent modern facilities, many of our cell lines might have been able to propagate for more passages than they actually did, and some might have been able to grow indefinitely.
Everyone engaged in cell culture has encountered occasions when cell lines grow well for some time but suddenly become "sick" almost simultaneously. Usually this phenomenon is associated with a new batch of medium, new trypsin solution, or other occurrences. Glassware washing, the purity of distilled water, routine handling system, and many other factors all contribute to the successful maintenance of diploid cell lines. Earley and Stanley (20) found that the kinds of growth medium severely affect the capability of producing aneuploid lines of rabbit cells. They found that rabbit cells can maintain diploid composition in medium without lactalbumin hydrolysate for 200 passages. We found that diploid Chinese hamster cell lines would exhibit numerous cells with aneuploidy and/or chromosome aberrations after they recover from a short period of sluggish growth. Undoubtedly the period of sluggish growth was the result of certain defects in the culture system. Perhaps other laboratories have had similar experience. Perhaps no contemporary cell culture laboratory can claim that its cell culture system represents the ultimate perfection. Then it is exceedingly probable that the cells repeatedly receive mild traumas during extended propagation in vitro. When the seemingly healthy cells slowly decrease their growth rate, possibly past injuries express their cumulative impact. We therefore believe that senescence of cell cultures is at best an alternate hypothesis. It is possible to think that diploid (or origoploid) cell lines can grow forever when the ideal conditions for their cultivation are met.
Despite the inadequacies of our cell culture facilities, the examples just presented demonstrate that diploid cell lines, at least for nonhuman primates, can be propagated for many passages, equal to or surpassing those achieved for diploid human cell lines. Wallace et al. (21, 22) and Petricciani et al.
(23) obtained similar results, The lack of persistent abnormalities in our long-term cultures indicates that cells with aberrant chromosome constitutions, although repeatedly generated in some cases, do not perpetuate. Presumably these cells succumb, whereas the more vigorous diploid cells predominate.
At the start of our experiment, we decided to record all visible chromosome abnormalities, including the seemingly insignificant gaps. Thus our data represent the near maximum amount of aberrations. Even with this type of record, the frequency for each category was comparable to that found by other investigators who used different cell systems, including primary lymphocyte cultures. If chromatid and isochromatid gaps are deleted in the computations, the aberration levels would be considerably reduced. Itis well known that gaps can be induced or enhanced by various simple culture conditions, including amino acid deficiencies, cold treatment, and imbalance of divalent cations. From recent investigations on chromosome banding, some gaps simply may be exaggerated negative G bands. If so, it would be reasonable to delete gaps from the column of chromosome aberrations in future analyses.
Unlike some biophysical and biochemical determinations in which objective data can be procured by accurate instruments, karyologic analysis is still a subjective endeavor, depending not only on good preparations but also on investigators. A defective preparation will give more incomplete metaphases or metaphases with crowded chromosomes, thereby yielding a false high count of aneuploid elements. The investigator's experience is a more important factor. Experienced cytologists can identify more chromosome abnormalities than can inexperienced ones. Therefore, data from one laboratory compared to those of another or from one worker to another in the same laboratory are not strictly comparable. Usually any guideline or standard level is arbitrary, but it at least can be followed by tests in which human factor (operator error) does not significantly influence the data. In karyologic analysis, human error is unavoidable, even if one assumes an equal degree of conscientiousness among investigators.
It is not the purpose of this paper to propose standards for the acceptability of cell lines in terms of karyologic characteristics; but it may be worthwhile to mention several general principles. 1) In setting up standards, one must allow leeway for differences between laboratories and investigators. Perhaps chromatid and isochromatid gaps should be disregarded in computations. Rigid standards are probably more harmful than useful. 2) "Senescence" or "no senescence" should not in any way enter into consideration.
3) The base-line information of primary cultures should always be obtained.
For practical purposes, e.g., initiation of long-term diploid cell lines for virus-vaccine propagation, data from this laboratory and from Wallace et al. (21) indicate the feasibility of such an endeavor. Apparently skin fibroblast lines should be considered as prime candidates because they easily adapt to growth in vitro. Furthermore, the procurement of skin biopsies does not require that an animal be killed. Each animal, after quarantine procedures, can be kept in proper housing for a number of years. Repeated biopsies can be taken during these years, and an endless number of cultures at early. passages can be stored from animals whose earlier cell lines have been monitored and deemed suitable. This scheme not only would provide for cell lines of good quality but also would reduce the inhuman and unnecessary killings in the name of science.
We strongly believe that, as a general principle, the use of diploid cells should not be limited to one human cell line. Suitable material derived from tissues of man, nonhuman primates, lower mammals, birds, and other taxa should be established, characterized, stored for, and distributed to the scientific community. In all cases, it should be cautioned that cytologic monitoring is desirable for any candidate cell line because karyologic stability is unpredictable and may be influenced by various factors. A candidate cell line should be discarded only when its frequency of aneuploidy and chromosome aberrations steadily increases. 
